• AIM: To investigate the diffusion changes in both the optic nerve and optic tract in orbital space-occupying lesion patients with decreased visual acuity, and its clinical significance using probabilistic diffusion tractography (PDT).
INTRODUCTION
T he diminution of vision, especially vision deprivation, can seriously affect the quality of human life. Orbital space-occupying lesions are one of the important causes of visual acuity decreases, especially those that occur at the orbital apex or around the optic nerve, which compress or even damage the optic nerve, thus causing vision loss or visual deprivation. At present, ophthalmologists typically utilize the ophthalmoscope, the visual evoked potential (VEP) and the visual chart test to evaluate patients' vision in clinics, but ocular fundus examinations can only show the condition of the fundus oculi and papilla. Meanwhile, the results of the VEP and vision test can contain certain error, and these examinations cannot assess optic nerve damage quantitatively. Magnetic resonance imaging (MRI) plays a critical role in the diagnosis and differential diagnosis of orbital space-occupying lesions, and it can display the morphology and signal characteristics of the lesion distinctly [1] , but the conventional MRI cannot quantitatively analyze the pathological changes in the fibers of the visual pathway. Diffusion tensor imaging (DTI) shows the shape and structure of white matter fiber bundles in vivo and simultaneously obtains several parameters that can reflect the alterations in the microstructure of fiber bundles [2] [3] [4] [5] . Hence, DTI provides the possibility for early quantitative detection of the fiber damage conditions in the visual pathway. DTI has been applied for the quantitative evaluation of changes in visual pathway fibers concerning glaucoma, neuromyelitis optica, optic neuritis, amblyopia, and several other ophthalmic diseases, but no DTI study has studied the visual pathway of orbital space-occupying lesions [6] [7] [8] . Therefore, this research group attempted to quantitatively assess the severity of optic nerve injuries and even whole visual pathways in patients with orbital space-occupying lesions using DTI to help clinicians determine the severity of the illnesses and establish treatment plans. In this study, the quantitative analysis of DTI was carried out using probabilistic diffusion tractography (PDT).
PDT is a post-processing analysis method that is applied after obtaining clinical conventional DTI data. PDT is different from the analysis method used in previous studies [9] [10] [11] . The latter usually selects one region of interest (ROI) or the average value of three ROIs to determine the parameter value, which makes it easy to generate measurement error. The parameter value obtained by PDT represents the average value of the whole region of the interest. For example, the parameter value of the optic nerve represents the entire optic nerve region rather than a certain point. Therefore, the results that obtained are more accurate and objective. Studies have reported that PDT is superior to deterministic tractography technology in evaluating the microstructure of white matter fiber bundles [12] [13] . Our study uses the asymmetry index (AI) for comparative analysis. The AI refers to the asymmetry of the parameter values between left and right sides. In the normal control group, the AI represents the asymmetry of the parameter values between the left and right sides, while, in the patient group, the AI represents the asymmetry between the affected side and the normal side. The higher the AI value is, the more asymmetrical the two sides are. DTI has been used in the study of optic nerve fiber bundles, including those of normal people, animal models and patients with ophthalmic diseases [14] [15] [16] [17] . Sidek et al [18] reported that fractional anisotropy (FA) decreased and that mean diffusivity (MD) increased in the optic nerve and optic radiations of patients with severe glaucoma using DTI. Most of the literature reports on the optic nerve and optic radiations using DTI studies, and few studies on the optic tracts of normal people or patients use DTI [19] [20] . To our knowledge, we are the first report to quantitatively analyze the optic nerve and optic tract changes caused by orbital lesions using PDT technology, and assess the value of DTI parameters in revealing the integrity of visual pathway fibers and pathological changes in orbital diseases.
SUBJECTS AND METHODS Ethical Approval
The study was conducted in accordance with the Declaration of Helsinki and was approved by the Research Ethics Committee of Xuanwu Hospital of Capital Medical University and the Third Medical Center of Chinese PLA General Hospital. All patients had been fully informed of the purpose and methods of the present study and provided written informed consent from themselves or their guardians. Subjects A total of 20 patients (8 females and 12 males; mean age, 41.6±12.7y; range, 18-68y) with unilateral orbital spaceoccupying lesions were enrolled during a 12-month period in our institution. The inclusion criteria of the patient group included the following: unilateral orbital space-occupying lesions associated with decreased vision, as certified by a visual chart test; no other eye diseases, such as glaucoma or inflammatory lesions of the visual pathway; and no craniocerebral space-occupying lesions. Meanwhile, 25 normal volunteers [13 males and 12 females; (mean age, 38.6±12.6y, range, 23-61y)] were included in the control group. The inclusion criteria of the control group were as follows: except for myopia, the ophthalmological examination was normal; the exclusion of inflammatory diseases of visual pathways and no history of head trauma; a normal finding from the conventional MRI of the brain, especially the visual pathway region; and no history of psychoactive drug or hormone usage. Data Acquisition The MRI examinations were performed on a 3.0T MRI imaging system (Trio Tim Siemens, Germany) with an 8-channel head coil. Head motions were minimized with restraining foam pads. During the scanning process, patients and volunteers were asked to close their eyes gently and refrain from moving their eyeballs to minimize the effects of deliberate eye movement during the acquisition time. All patients and the control group underwent routine orbital MRI and DTI. The routine orbital MRI examination included a pre-enhanced T1-weighted image (T1WI) and T2-weighted image (T2WI) in the axial and coronal planes and a post-enhanced T1WI with frequency-selective fat saturation in the axial, coronal, and sagittal planes. The imaging parameters were as follows: T1WI, repetition time/echo time (TR/TE)=200ms/2.46ms; angle=70°; T2WI, TR/ TE=3400ms/108ms; angle=120°; FOV=190×190 mm 2 ;
matrix=256×256; slice thickness=3 mm; and slice gap=0.3 mm. Gd-DTPA (Magnevist, Bayer HealthCare, Berlin, Germany) was injected intravenously into the elbow vein at a dose of 0.2 mL/kg and flow rate of 3 mL/s. DTI was conducted on each subject with a single-shot echo planar imaging (EPI) diffusion tensor sequence, which covered the whole visual pathway. The specific parameters were as follows: TR=8300ms, TE=91ms, FOV=220×220 mm 2 , matrix=128×128, number of signal averages=4, slice thickness=2.0 mm, b b=0 and 1000s/mm 2 , and the scanning time was 12min and 4s. The anatomical data were obtained in a T1-weighted 3D-MPRAGE sequence (TR=1900ms, TE=2.58ms, FOV=240×240 mm 2 , matrix=256×256, and reconstructed axial plans with 1.2-mm slice thickness). All the axial data were acquired on an oblique axial plane parallel to the anterior commissure-posterior commissure (AC-PC) line. Data Preprocessing Every subject had a dataset consisting of 21×4 volumes. For each dataset, the effects of the head motion and distortion induced by the eddy current were corrected by FMRIB'S diffusion toolbox (FDT), which is a part of the FSL (FMRIB Software Library, FSL, Britain). Then, the corrected datasets were split into four datasets that corresponded to four DTI scans. Next, the four datasets were averaged to generate a mean DTI dataset to reduce noise. Finally, the mean DTI dataset of each subject was modeled using DTIFIT to produce the FA, mean diffusivity (MD), radial diffusivity (RD) and axial diffusivity (AD) images. Probabilistic Tractography Before the probabilistic tractography, we used BEDPOSTX with the default options to estimate the fiber orientation within each voxel. Subsequently, the tractography was run using PROBTRACKX with the following basic parameters: the number of samples was 5000, the curvature threshold was 0.2, a single mask used as the seed to extract the target tracts, and other exclusion masks were generated to prohibit the tracking of the wrong pathways. All seed masks were initially drawn on the anatomical images, which was followed by a transformation to the diffusion space using the deformation field derived from registering the T1 image to the FA image. For the optic nerve, a seed mask consisting of 7 voxels was positioned in the pathway of the optic nerve at the coronal slice ( Figure 1 ). For the optic tract, a seed mask consisting of 9 voxels was positioned in the pathway of the optic tract at the sagittal slice ( Figure 2 ). Connectivity distributions were generated from each voxel in the seed mask, and thresholds were set to include only those pathways that exhibited a probability of >10% (Figure 3 ). For each tract, the mean FA, MD, RD, and AD were determined. 
Statistical Analysis
We conducted two kinds of comparisons for the optic nerves and optic tracts using SPSS version 22.0 (SPSS, IBM Co., Armonk, NY, USA). First, we compared the affected side optic nerve and ipsilateral optic tract with the contralateral side to determine whether the differences in DTI parameters (FA, MD, RD and AD) between the bilateral parameters were statistically significant by paired sample t-test. Second, the AI values of various parameters (FA, MD, RD and AD) of the optic nerve and optic tract were compared between the patient group and the control group. Here, AI=(right parameter value-left parameter value)/(right value+left value). The difference in AIs between the two groups was analyzed by an independent sample t-test. Third, according to the WHO classification standard of low vision, patients were divided into three subgroups: vision>0.3, vision between 0.3-0.1 and vision<0.1 (including no light sensation). We adopted a single factor variance analysis to compare the difference between the FA value and the AI of the FA among the three groups. All the above statistical analyses took the statistically significant threshold value of P<0.05. RESULTS Routine Magnetic Resonance Imaging There was no significant difference in age or gender between the patient group and the control group. All cases were confirmed by pathological examination, including nine cavernous hemangiomas, three lymphomas and optic nerve sheath meningiomas, one schwannoma, one diffuse proliferation of the lymphoid tissue, one lymphangio-hemangioma, one hemangioblastoma, and one inflammatory pseudotumor. The optic nerve was compressed or encompassed by a tumor or neoplasm, thus resulting in optic nerve displacement, thinning and even unclear displays (Figure 4 ). There was no abnormality observed in the morphology or signal of the optic nerve and optic tract in the normal control group.
Differences Between the Bilateral Optic Nerves and Optic
Tracts in the Patient Group The affected side optic nerve Figure 4 Optic nerve changes caused by orbital space-occupying lesions A-C: For the same respective cases, the T1WI, T2WI, and fat saturation enhancement scan images on the body axis transection showed the optic nerve sheath meningioma growth surrounding the right orbital optic nerve, and the enhanced scan images also showed the optic track sign. D-F: For the same respective cases, the T2WI, DWI, and fat saturation enhancement scan images of the body axis transection showed displacement and compression of the right orbit optic nerve, cyst degeneration was seen in the lesions, and the pathological diagnosis was schwannoma. G-I: For the same respective cases, the body axis of the cross-sectional T1WI, coronary fat saturation T2WI, and sagittal fat saturation enhancement scan images showed the right orbitofrontal optic nerve compression that obviously attenuated and shifted the position and diagnosis of the cavernous hemangioma by pathological examination.
presented significantly decreased FA, increased MD, AD, and RD values compared to the unaffected side (P<0.05). The FA value displayed a very significant difference (P<0.001). No significant differences were observed in the optic tract between the same side with the lesion and the contralateral side (P>0.05; Table 1 ).
Differences of AI values of the Optic Nerve and Optic Tract Between the Patient Group and the Control Group
The AI of FA, MD, AD, and RD of optic nerve in the patients was significantly higher than that of the controls (P<0.05). Among them, the AI of the FA showed the highest significant difference (P<0.001). There was no significant difference in all the AIs of the parameters of the optic tract between the patient group and the control group (P>0.05; Table 2 ). Differences of the FA Value and AI of FA in the Affected Side Optic Nerve Between Three Subgroups There was no significant difference (P>0.05) in the FA values of the affected side optic nerve among the three subgroups, but the difference in the AI of the FA was significant (P<0.05). The AI of the FA in the eyesight <0.1 subgroup was significantly higher than that in the other groups ( Figure 5) . DISCUSSION This research adopts the PDT technique for the extraction of nerve fiber bundles, and PDT was first proposed in 2003 by Behrens et al [21] . The PDT method estimates the uncertainty of the voxel's diffusion tensor first and then samples the probability according to the estimated results, acquiring the tracking information of the next voxel and repeating the above process to generate many samples of fiber structure; thus, it can obtain the connection probability between the seed point and the whole target area [21] [22] . This technology can evaluate all the spatial distribution of white matter fibers from a seed point, and, even when the possibility of a direction branch is very low, it still can continue to track the tractography. Therefore, this method is thought to be a reliable tool for tracking small and complex fibers, and it especially has a better effect when tracking cross fibers [23] . Compared with the deterministic tractography, the PDT can describe the morphology and structure of the brain white matter fiber bundle more accurately [24] . Due to its better noise immunity and better effect in tracking cross fiber bundles, the PDT is helpful in reducing the influence on DTI imaging by reason of the correlation of the optic fiber and the orbital structure condition. In addition, the data in this study were obtained from routine clinical DTI scanning, and the scan time was approximately 12min. Therefore, patients were more likely to accept the procedure, and the procedure has great potential for clinical applications. Our study found that the FA values of optic nerves on the affected side were significantly lower than those on the unaffected side, and the MD values of the optic nerves on the affected side were significantly higher than those on the [15] [16] 25] . The AD and RD reflect the diffusion characteristics of water molecules parallel and perpendicular, respectively, to the fiber bundle, which can distinguish the axons and myelin damage to some extent. The increase in the RD reflects the loss of myelin, and the increase in the AD reflects the degeneration of axons [15, 26] . Herein, we found that both the AD and RD values of optic nerves on the affected side were higher than those on the normal side. Therefore, the author speculated that the affected side optic nerve had both axonal degeneration and myelin sheath damage. AI has been widely used in many professional studies, such as those of hemispheric brain asymmetry differences in youths with attention-deficit/hyperactivity disorder, a robust cerebral asymmetry in the infant brain, and facial plastic research [27] [28] [29] . In this study, AI was used as the comparison index between the patient group and the healthy control group. When the parameter values of the affected side optic nerve changed, the asymmetry increased between the bilateral parameter values. Our results found that the asymmetry of both sides of the patient group was greater than that of the control group. This study found that both the comparison of each parameter value and the comparison of the AI, FA value and AI of the FA value had the most significant differences (P<0.001), thus the result suggested that the FA value is the most sensitive. On the basis of above results we suggest that PDT could be useful for quantifying optic nerve damage of the orbital space-occupying lesions and evaluate the severity levels of the disease. Several studies reported that significant differences were found in the FA, MD, AD, and RD of the optic nerve and optic radiation in glaucoma, thus indicating that glaucoma affects intracranial visual pathway fibers [8, 10, 18] . The results of our study showed that there was no abnormal change in the DTI parameter values of optic tracts on both the ipsilateral and contralateral sides, and there was no significant difference in the AI values of each parameter between the patient group and the control group either. It was speculated that orbital spaceoccupying lesions with decreased vision only damaged the optic nerve but did not change the optic tract significantly. According to the WHO classification standard of low vision, patients were divided into three subgroups, and the results found that the FA values of the affected side optic nerves were similar between groups, which was similar to a DTI study on subacute anterior ischemic optic neuropathy [9] . However, there was a significant difference in the AI values of the FAs among the three groups in this study. The AI value of the lowest eyesight group was the highest. The author believes that the AI value of the FA of the optic nerve is associated with the severity of visual impairment. In the future, the sample size will be enlarged to further confirm this view. As preliminary research of orbital space-occupying lesions, this study has the following limitations. First, the relatively small sample size resulted in a lack of ability to group the patients in a more detailed manner, according to different diseases. Second, this study is a horizontal study. If the longitudinal follow-up of the enrolled patients can be completed, this can provide more convincing evidence. In conclusion, PDT technology was used for the first time to evaluate the optic nerves and optic tracts quantitatively in orbital space-occupying lesions with decreased vision in this study. The affected side optic nerve presented significantly decreased FA, increased MD, AD, and RD values, while no significant alterations were observed in the optic tract. And that FA value is the most sensitive. The severity of visual acuity decreased was assosiated with the FA value of the optic nerve. We consider that PDT can provide valid indicators to evaluate the impairment of optic nerve, the curative effect and the prognosis for clinicians, which other examinations can not acquired. Furthermore, this method may even be used to judge whether the degeneration/damage of the optic nerve is reversible or not.
